Introduction
Cadaverine, also known as 1,5-pentanediamine (NH
, is a biogenic compound and a versatile chemical with many industrial applications. For example, cadaverine can promote plant growth and increase production yields, and is used clinically as an anti-diarrheal drug [1] [2] [3] . In addition, it is used for the production of polyamides, polyurethanes, chelating agents, and nylon. These biobased polymers can be used as substitutes for classical petrochemical polymers [4] [5] [6] that have an annual global market of 6.6 million tons [7] . Polyamide 54 is made by polycondensation of cadaverine and succinic acid. Nylon is one of the most commonly used polymers, and cadaverine has the potential to substitute hexamethylenediamine to produce nylon-5,4, nylon-5,6, nylon-5,10, or nylon-5,12 [8] .
In nature, cadaverine is a foul-smelling compound produced by protein hydrolysis during the putrefaction of animal tissue [3, 9] . In the petroleum industry, cadaverine is usually produced from a starting material of 1,5-dichloropentane (obtainable from tetrahydropyran), glutarodinitrile, and glutaraldehyde [9] . It can also be synthesized by catalysis of lysine decarboxylase in bacterial metabolic pathways to protect microbial cells against acidic stress [10] [11] [12] , superoxide stress [13] [14] [15] [16] , and antibiotic stress [17] .
In microorganisms, there are two kinds of lysine decarboxylase: CadA (LdcI) and LdcC. CadA is an acidinducible enzyme that is encoded by cadA and is part of a cadBA operon. It is induced by changes in external pH, excess of lysine, and low levels of oxygen. LdcC is a constitutive enzyme encoded by ldcC, and it is independent of pH changes. LdcC is active over a broad pH range with an optimum pH of 7.6, whereas CadA prefers acidic conditions with an optimum pH of 6.0 [18] [19] [20] . Enzyme kinetic studies have shown that CadA has a smaller K m for lysine and a lower V m a x compared with LdcC [21] . To date, many studies have been conducted for efficient cadaverine production from the fermentation of sugars based on metabolic engineering techniques [22, 23] . In Lysine decarboxylase (CadA) converts L-lysine into cadaverine (1,5- could not be recovered after use, whereas CadA
was rapidly recovered and the residual activity was 53% after the 10 t h
recycle. These results demonstrate that CadA
can be used as a potential catalyst for efficient production of cadaverine.
Keywords: Immobilization, cross-linked enzyme aggregate, cadaverine, lysine, lysine decarboxylase addition, direct lysine bioconversion into cadaverine was performed using soluble lysine decarboxylase or E. coli whole cells expressing lysine decarboxylase [9, 24, 25] . However, there are few reports concerning the immobilization of lysine decarboxylase. Immobilized enzymes can be used as catalysts with functional stability from harsh conditions, resistance to inhibition, recoverability, and reusability [26] . Basically, enzymes are immobilized through three main routes: binding to a support, encapsulation/entrapment, and cross-linking (carrier free). Among them, cross-linked enzyme aggregates (CLEAs) are efficient enzyme biocatalysts. The preparation method is a very simple procedure that involves enzyme aggregation and which does not require enzyme purification. Cross-linking between lysine residues makes an insoluble aggregate while maintaining catalytic activity. Physical aggregation of the enzymes into superstructures takes place through the addition of organic solvents, non-ionic polymers, or salt, without protein denaturation [27, 28] .
In this study, we prepared a CLEA using a cell-free extract of an E. coli strain overexpressing the cadA gene, characterized its biochemical properties, and compared CadA
with CadA f r e e enzyme. Subsequently, we performed bioconversion using CadA
for cadaverine production (Scheme 1). 
Materials and Methods

Bacterial Strain and Expression of CadA
The genomic DNA of E. coli XL1 Blue was used for cloning of the cadA gene (Gene ID: 948643). The coding region of cadA was amplified by PCR. Primer sequences used were as follows: CadAforward (5'-GATCATATGAACGTTATTGCAATA-3') and CadAreverse (5'-GATAAGCTTTTTTTTGCTTTCTTCTTTCAA-3'). The PCR product was inserted into the pGEM-T vector (Fig. 1A) . The resulting pGEM-T-cadA vector was transformed into E. coli XL1 blue competent cells. For amplifying the cadA gene, E. coli XL1 blue was grown at 37 o C in Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, 1% sodium chloride) containing 100 μg/ml of ampicillin. After plasmid extraction, the coding region was digested with restriction enzymes (NdeI and HindIII) and inserted into a pET-22 vector. The resulting pET-22-cadA vector was transformed into E. coli BL21 (DE3) competent cells. The transformed E. coli cells were pre-cultured at 37 o C with shaking. The cultured cells were harvested by centrifugation (12,000 ×g, 5 min), and the cell pellet was washed with 100 mM potassium phosphate buffer (pH 6.0) and then resuspended in the same buffer (10 ml). The cells were lysed with an ultrasonicator and the soluble fraction was obtained by centrifugation (12,000 ×g, 10 min). This cell-free extract was then used to prepare CadA
Preparation of CadA
Ammonium sulfate was added into the cell-free extract (10 ml) to a saturation of 30% at 4 o C. After mixing the mixture, the supernatant was obtained by centrifugation (12,000 ×g, 10 min) and ammonium sulfate was added for a second time to a saturation of 70%. Glutaraldehyde was added into the proteinprecipitated solution to a final concentration of 25 mM, and the mixture was stirred for 20 h at 4 o C to cross-link the aggregated proteins [29] . After 10 min of centrifugation at 12,000 ×g, the supernatant was discarded and the pellet (CadA
) was washed twice with potassium phosphate buffer (100 mM, pH 6.0) to remove any unreacted glutaraldehyde. The washed CadA 
Lysine Decarboxylase Activity Assay and Analytical Method
The enzymatic assay was performed using cell-free extract (CadA
) and CadA
in a total volume of 500 μl containing 10 mM lysine as substrate and 0.1 mM PLP as cofactor in 100 mM Scheme 1. L-Lysine is converted into cadaverine by a CadA-mediated decarboxylation reaction. High-performance liquid chromatography (HPLC; Agilent 1100, USA) was performed to analyze the cadaverine production after derivatization of reaction products. For lysine or cadaverine derivatization, DEEMM was used. That is, derivatives were obtained by the reaction of 300 μl of borate buffer (50 mM, pH 9.0), 100 μl of 100% methanol, 47 μl of distilled water, 50 μl of target sample, and 3 μl of DEEMM. The reaction mixture was then heated at 70 o C for 2 h to complete the degradation of excess DEEMM and any by-products of derivatization. The HPLC assay was carried out using a reverse-phase C18 column (Cogent, C18 e Series, 5 μm, 100 Å, 250 mm × 4.6 mm) and the column temperature was maintained at 35 o C. The mobile phase was composed of 100% acetonitrile (A) and 25 mM acetate buffer (pH 4.8; B). The flow rate was maintained at 1 ml/min and the composition of the mobile phase was programmed: 0-2 min, 20-25% A; 2-32 min, 25-60% A; and 32-40 min, 60-20% A. Detection was carried out at 284 nm [24] . The effects of temperature and pH were evaluated using CadA Cadaverine Production Using CadA
Temperature and pH Effects of CadA
The enzyme reaction volume and substrate concentration were increased as follows. The total reaction volume was increased to 5 ml and the substrate and PLP were increased to 100 mM and 0.4 mM, respectively. Before the reaction was started, the pH of the reaction medium was adjusted to 6.0 by the addition of 1 M HCl. The reaction medium was then incubated with various CadA 
Recycling of CadA
A recovery test was performed using CadA
was used in the first reaction, it was recovered by centrifugation at 10,000 ×g for 5 min. The supernatant was discarded and the pellet was resuspended in phosphate buffer (100 mM, pH 6.0) to the same volume. CadA
was then used in the second reaction and the next step was repeated 10 times.
Results and Discussion
Expression of the Recombinant CadA Enzyme in E. coli Cells The E. coli XL1 Blue cadA gene was cloned into a pET22 vector according to the cloning procedure depicted in Fig. 1A . The nucleotide sequence of the cadA gene in the pET22-cadA vector was analyzed and it was confirmed to be exactly the same as the cadA gene sequence reported in the NCBI database (Gene ID 948643). E. coli BL21 (DE3) cells harboring the pET22-cadA vector were cultured at 20 o C and induced with 0.01 mM IPTG to produce CadA enzyme. The cell-free extract of E. coli cells had a CadA activity of 387 U/ml (or 21.9 U/mg protein), and polyacrylamide gel analysis showed that CadA was expressed in soluble and insoluble forms (Fig. 1B) appeared to be as a result of enzyme inactivation during precipitation and the covalent linking process and diffusion limitation. The substrate concentration near the boundary layer of an immobilized enzyme matrix becomes lower by an external diffusion effect [30] . In addition, the substrate concentration inside the enzyme aggregate is also lowered by the internal diffusion effect. As such, immobilized enzymes usually showed lower activity in comparison with free enzymes.
For efficient CLEA preparation, the number and position of lysine residues are usually important. The elucidated homopentamer structure (PDB ID: 3N75) [31] of E. coli CadA showed that it has many lysine residues on the enzyme's surface (Fig. 2A) . The number of lysine residues in one subunit is 43 among a total of 715 residues, corresponding to 6.0%. Most of them were located on the enzyme surface, remote from the active site (Fig. 2B) . One lysine residue was located at the active site, but it seemed to not be involved in cross-linking, because it was already bonded with pyridoxal phosphate (Fig. 2B, inbox) . This explained how CadA
retained its decarboxylase activity after the cross-linking process. showed similar relative activity at pH 5-8. That is, the optimum pH was pH 6.0, and a dramatic decrease of activity was observed at pH 8.0. These pH-activity profiles are very similar to those previously reported [19] . The phenomenon of decreasing activity may be considered as follows: at pH 5 or lower, the enzyme usually forms stacked oligomers, even at low enzyme concentration, whereas at pH 6.5 or higher, decamers and dimers are observed, with the percentage of dimers increasing with pH. Dimers have a lower specific activity than decamers. Our experimental results agreed with those of Kanjee et al. [31] .
Comparison of the Biochemical Properties of CadA
The temperature-activity profiles of CadA was 60 o C, as reported in a previous study [32] , whereas that of CadA were measured using HPLC assay.
Cadaverine Production by Using CadA at high temperatures. In previous reports of CLEAs using other enzymes, the thermal stability after immobilization was also shown to increase [33] [34] [35] . The thermostability and optimum temperature of an enzyme are determined by a protein's active site and backbone structure. Cross-linking between lysine residues of Cad f r e e seemed to increase the protein's rigidity and thereby increased thermostability but decreased the activity slightly at higher temperatures.
Optimization of Cadaverine Production by CadA
For the optimization of reaction conditions, we increased the reaction volume to 5 ml and lysine concentration to 100 mM. In the presence of 100 mM lysine, the pH of the reaction media increased up to pH 8.4, even in 100 mM potassium phosphate (pH 6.0) solution. As increasing the buffer concentration causes negative side effects [36] , we used 100 mM potassium phosphate. Instead, the pH of the reaction media was adjusted to 6.0 by the addition of 1 M HCl before the enzyme was added. After this, the bioconversion reactions were conducted with various CadA , and the conversion yield increased continuously as the reaction proceeded, and all lysines were completely converted to cadaverine after a 2 h reaction (Fig. 5A) . The total turnover number of pyridoxal phosphate was calculated to be 250.
The pH of the reaction media increased as the reaction proceeded (data not shown), because hydrogen ions were consumed during the lysine decarboxylase reaction (Scheme 1) [10] [11] [12] . pH is one of the critical factors for the production of cadaverine in high concentrations of lysine. Therefore, a pH control method during the reaction process must be developed in the future for efficient bioconversion of a high concentration of lysine. In this respect, the CLEA enzyme is very useful, as the pH of the solution can be controlled by a fed-batch reaction process.
Recycling of CadA
CLEA is a solid protein particle, insoluble in both water and organic solvents, so it can aggregate rapidly into a superstructure by centrifugation. It can be easily resuspended by inversion and therefore can be used in bioconversion reactions as a biocatalyst. After recovery and resuspension, CadA
showed high residual activity. Even after 10 cycles of recovery, it maintained an enzyme activity of approximately 54% (Fig. 6 ). This result implies that CadA C L E A could be employed several times in the bioconversion process as expected. Taken together, we have developed and characterized a cross-linked enzyme aggregate of E. coli CadA. CadA
had lysine decarboxylase activity and showed enhanced thermostability and recyclability. CadA
can be used as a stable catalyst in the industrial production of cadaverine. was recovered several times, and its residual activity was measured in standard assay conditions.
